Near-and far-field measurements of phase-ramped loop and patch structures are presented and compared to simulations. The far-field deflection measurements show that the phase-ramped structures can deflect a beam away from specular reflection, consistent with simulations. Scattering scanning near-field optical microscopy of the elements comprising the phase ramped structures reveals part of the underlying near-field phase contribution that dictates the far-field deflection, which correlates with the far-field phase behavior that was expected. These measurements provide insight into the resonances, coupling, and spatial phase variation among phase-ramped frequency selective surface (FSS) elements, which are important for the performance of FSS reflectarrays.
I. INTRODUCTION
Frequency selective surfaces (FSS) can be employed to tune surface properties including absorptivity, reflectivity, and transmission.
1,2 These properties are mostly dependent on the size and geometry of the conductive FSS elements, but are also affected by the dielectric optical properties of the material of the elements, the composition of the substrate/dielectric layer, and the spatial arrangement of these elements.
1 FSS have uses as filters, polarizers, thermal emitters, and other applications.
1,2 One application of particularly great interest is wave front shaping for beam deflection and focusing.
Through purposely varying the resonant frequency of the FSS elements, the phase shift upon reflection of an incident beam of a given wavelength can be tuned, which follows the Kramers-Kronig relation as applies to electromagnetic resonance and reflected phase. This idea has been scaled from RF to infrared wavelengths where arrays of metal patch elements showed varying phase changes upon reflection when the size of the patches was adjusted. 3 Even though these different size structures were not arranged in such a way as to allow for wave front shaping, it still offered a proof-of-concept for the feasibility of using such elements at infrared wavelengths for this purpose.
Later, this concept was utilized through the arrangements of single and different size patch elements to allow for wave front shaping to focus a beam at infrared wavelengths. 4, 5 For instance, in one case, it was demonstrated that single size patch elements could be arranged in concentric circular zones over a ground plane, which results in 180 phase steps and beam focusing in the infrared.
Also, FSS elements have been arranged as phaseramped structures to allow for wave front shaping of a beam to deflect it away from the angle for specular reflection. In these phase-ramped frequency selective surfaces, FSS elements are arranged in a repeating unit cell of several elements in a row having a gradient of size, which results in a variation of the reflected phase across the surface. This has been successfully demonstrated in the terahertz and visible regions of the electromagnetic spectrum where a relatively high percentage of the incident beam was deflected at a specific angle. [6] [7] [8] For example, phase-ramped structures optimized for terahertz frequencies have been constructed from gold patch elements of different sizes arranged in repeating rows of six elements from smallest to largest. 6, 8 Each of the elements was designed to initiate a different phase shift of the incident beam upon reflection and when combined in an array would steer a beam away from the specular reflection direction. It was found that the incident beam could be deflected at an angle off specular reflection, but that the resulting angle was relatively sensitive to fabrication imperfections, which limited how closely it matched the simulated value for this angle.
Even though the properties of interest for these phaseramped structures are relatively straightforward to be measured in the far-field, the effective far-field response is determined by the near-field polarization, in particular, the spatial variation of the local optical phase that determines the far-field response. Scattering-type scanning near-field optical microscopy (s-SNOM) has proved particularly powerful in measuring both the amplitude and phase of the electric near-field distribution on antenna, plasmonic, and metamaterial structures. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Previously, we investigated phaseramped end-loaded cross structures with s-SNOM. made to explore the near-field response of other types of phase-ramped structures in the mid-infrared. In particular, there is very little work comparing the near-and far-field phase for these types of structures. 22 Here, we measure and simulate the near-and far-field response of phase-ramped loop and patch structures when illuminated with mid-infrared radiation. Measurements of the phase shift and coupling in the near-field response of square loop and patch elements arranged in a gradient of size were compared to simulations of the phase shift in the nearand far-field. Measurements of the beam deflection were made when the structures were illuminated normal to the surface plane and compared to simulations of the beam deflection. We found that the phase-ramped structures deflected a beam away from specular reflection and were able to measure much of the near-field phase that dictates the far-field phase behavior of these structures.
II. MATERIALS AND METHODS
The phase-ramped structures were fabricated in a similar manner as outlined previously and a schematic of a representative local unit-cell of one size structure in the repeating phase-ramped pattern is shown in Fig. 1(a) . 21, 23 The patterns consist of arrays of loops or patches of the dimensions labeled in Fig. 1 (a) that were arranged in a repeating arrangement of five elements of different sizes aligned in a row. Briefly, these samples were fabricated by thermally depositing an optically thick aluminum ground plane having a thickness of 150 nm on a silicon wafer. Then, a benzo-cylcobutene (BCB) (Dow Cyclotene 3022-35 resin) dielectric standoff layer of 1.2 lm thickness (h) was deposited by spin coating the material on the sample and curing in a nitrogen environment. This material is easier to deposit compared to thermally evaporated standoff layers and still has relatively low loss over a wide spectral range in the mid-infrared. Electron beam lithography was used to define the phase-ramped structures, which was followed by development of the resist, metallization, and liftoff. The resulting structures are shown in the scanning electron micrographs in Figs. 1(b) and 1(c). The Al elements had a height (t) of 75 nm and periodicity of 5 lm. The phaseramped loop array consisted of element sizes of a ¼ 1.25, 1.625, 2.000, 2.375, and 2.750 lm while the phase-ramped patch array consisted of element sizes of a ¼ 1.625, 2.000, 2.375, 2.750, and 3.125 lm.
Near-field simulations were performed with Comsol Multiphysics and far-field simulations were performed with Ansoft HFSS. In many cases, the simulations were performed with both software packages to check for consistency of the result. Frequency-dependent optical constants of the materials, obtained by variable-angle spectroscopic ellipsometry, were employed in the numerical simulations. In all cases, the incident wave is simulated with polarization consistent with how the measurements were performed. In the near-field simulations, the amplitude and phase of E z was evaluated 25 nm above the structures.
Measurements of the deflection angle relative to specular reflection were performed by illuminating the phaseramped patches and loops from normal to the surface plane with 10.6 lm radiation (L4S, Access Laser Company). An iris was used to aperture the beam to roughly the size of the arrays being measured. A thermal infrared detector mounted on a rotatable arm extending $0.25 m away from the structures was used to measure the power at all angles of deflection. All reported values were converted to realized gain, which was based on an additional measurement where just the incident beam power was determined.
Near-field measurements were made with a custom-built s-SNOM that is similar to the instrument that has been described previously. 21, 23, 24 A schematic showing the experimental layout is shown in Fig. 2 . This instrument employs an atomic force microscope (AFM), which was modified to allow for sample scanning (Innova, Bruker). PlatinumIridium coated tips are used, which had a resonant oscillation frequency of 240-280 kHz (Arrow-NCPt, Nanoworld). Mid-IR radiation for the near-field measurements is provided by a CO 2 laser.
In the configuration for the s-SNOM measurement, part of the radiation from the CO 2 laser is reflected off a beam splitter (BS) towards the sample, while a comparable fraction of the remaining radiation is transmitted through the beam splitter towards a reference mirror (RM). The s-polarized radiation is directed towards an off-axis parabolic reflector (OAP), which reflects the radiation at 60 with respect to the surface normal and focuses the beam to an approximately 60 lm size spot on the sample. The AFM is operated in tapping mode and the tip scatters the near-field into detectable far-field radiation. This scattered radiation emanating from the tip is collected using the same optics for the incident beam and is detected interferometrically with the mercurycadmium-telluride (MCT) detector. 25, 26 Polarization selective optics allow for predominantly p-polarized radiation to reach the detector, which restricts the measurement to mainly the E z field. 25 AFM height images are collected simultaneously with the s-SNOM signal (S d ), which is proportional to
where / represents the phase difference between the reference and scattered beam, E scat is the electric field of the scattered beam, and E ref is the electric field of the reference beam. In addition, I b is background radiation originating from stray reflections and scattering from the AFM probe and sample surface, which does not contain information associated with the near-field signal. [27] [28] [29] [30] A lock-in amplifier, which demodulates the signal from the detector at the 2nd harmonic of the tip dither frequency, is used to discriminate much of the scattered near-field signal from background. Images are collected at different positions of the RM (corresponding to different reference phases) to allow for determination of amplitude and phase of the near-field signal. Specifically, this is accomplished by performing leastsquares, point-by-point fits with a cosine function to the set of phase images. 21 Line scan analysis of phase and AFM height measurements was performed using WSxM version 3.1. 29 
III. RESULTS
Simulations were performed to determine the relative phase change upon reflection and absorption when uniform arrays of different size loop and patch elements are illuminated with 10.6 lm wavelength radiation. More specifically, periodic boundary conditions were used to define an infinite, repeating unit cell of one size loop or patch array. Then, a parametric sweep was performed where the magnitude and phase of the reflection coefficient was determined for this uniform, infinite array as a function of the size of the structure. Specifically, the thickness of the BCB and elements is equal to the values from the fabricated phase-ramped structures while the length (a) of the elements is varied and the width is kept equal to the length.
First, the simulation was performed with the incident wave having an angle of incidence equal to 60 off-normal, which corresponds to the same conditions for the near-field measurements. The magnitude and phase of the reflection coefficient was solved as a function of the size of the structures. Fig. 3(a) shows the relative phase of the reflected incident wave and the corresponding absorptance as a function of size of a loop element. Similarly, Fig. 3(b) shows relative phase of the reflected incident wave and absorptance versus the size of a patch element. In both plots (Figs. 3(a) and  3(b) ), black, square points along the curves for the reflected phase correspond to the sizes of the loops and patches in the phase-ramped structures that were fabricated.
Figs. 3(a) and 3(b) show that both elements have a fundamental and harmonic mode when illuminated at 60 offnormal with 10.6 lm wavelength radiation, with only the fundamental mode of high absorptance covered by the fabricated loops and patches. Fig. 3(a) is similar to a plot in a previous article except reflected phase is included here. 23 The higher absorptance has been shown previously to be primarily due to the lower conductivity of metals at infrared wavelengths, especially aluminum, compared to at much lower frequencies where the conductivity of metals are much greater. 31, 32 Also, the absorptance can be affected by the thickness of the dielectric layer. 4, 8 However, except for the middle size structure, all the remaining structures are detuned from resonance. So, overall we expect that the actual fabricated phase-ramped structures should show relatively low absorptance despite the relatively high absorptance at the fundamental mode, which is important for the performance as a reflectarray. In addition, in Fig. 3 , both curves for the phase of reflected incident wave show that the maximum possible range for the reflected phase is only slightly less than 360 . Previously, it was shown that this value is diminished by lower conductivities of the metal used as the FSS element, high loss tangent of the dielectric layer, or larger thicknesses of the dielectric layer, but phase ranges similar to this value have yielded good results as a reflectarray. 4, 8, 31, 33 Also critical to the performance of a reflectarray of constant periodicity is the need to have a relative constant progressive phase change of the reflected incident beam between each size structure. 7, 8, 34 As shown in both plots in offnormal with a 10.6 lm wavelength incident wave. Black, square points represent the dimensions corresponding to the fabricated structures in Fig. 1. Figs. 3(a) and 3(b) , the fabricated phased-ramped structures have a variable progressive phase change among neighboring elements in size between the structures when illuminated from 60 off-normal (black, square points). Similar parametric simulations were performed in HFSS where arrays of different size Al loop and patch elements were illuminated with an incident wave with a wavelength of 10.6 lm normal to the surface plane, which is shown in Figs. 4(a) and 4(b). Similar to the above, there is a relatively high absorptance at the fundamental mode for both phase-ramped structures, so the center structure should show relatively strong absorptance. Again, due to the remaining size structures being all detuned from resonance, we expect the overall absorptance to be much lower. As with Figs. 3(a) and 3(b) , both plots have a maximum range for the phase of the reflected incident wave that is only slightly less than 360 . However, the progressive phase change between the different size elements is relatively constant and shows significantly less variation compared to Figs. 3(a) and 3(b) , especially for the phase-ramped patches. These results suggest that the phase-ramped structures should show a relatively good performance at this angle of incidence.
Since the simulations where uniform arrays of loops and patches are illuminated at normal incidence suggest that the phase-ramped loops and patch structures should show relatively good beam steering performance (Figs. 4(a) and 4(b) ), measurements of this deflection angle were done under these conditions. As demonstrated previously, the local phase shift of the beam in a reflectarray is caused by the differences in phase upon reflection from the elements instead of through optical path differences, which is the main principal of operation for an optical grating. 7, 35 So, most conveniently, the previously derived equation describing the operation of reflectarrays can be rearranged to relate the reflected phase by each element to the predicted deflection angle (h) according to
where k 0 is the free space wavelength, p is the periodicity for the element spacing, n refers to the n th element in the phase ramp, / 0 is the reflected phase from the first element, and / n is the reflected phase from the n th element. 7, 8 The previous equation can be rewritten and rearranged in order to solve for the deflected angle, which results in the following:
where D/ is the progressive phase change. This equation was used to calculate the relative angle these structures should steer a 10.6 lm beam away from the angle of specular reflection or, in this case, away from normal to the surface plane. The phase change between different size elements had a small amount of variability, so the average phase change was employed in the above equation. The results of this calculation show that the phase-ramped loops and patches should both steer a beam approximately 25 away from the angle for specular reflection.
Far-field measurements of this deflection angle were performed and are shown as polar plots of realized gain in Fig. 5 where realized gain is defined as the ratio of the radiated power in each direction to the power of the incident beam. For the phase-ramped loops, the measured deflected angle is 23 while the phase-ramped patches have a deflected angle of 24 , which is relatively close to the calculated values of 25 for both structures. One difference between the calculated and measured beam deflection angle is that the calculation is based on values of reflected phase obtained from simulations of uniform arrays of elements while the measurement is of the phase-ramped structures having different size elements. More specifically, the simulations of the uniform arrays have adjacent unit cells with structures equal in size while the measurement is of the phase-ramped structure having adjacent unit cells of different sizes, which are expected to have different coupling among the neighboring elements. 6, 8 Previous articles have shown that differences in coupling between the elements strongly affects the wave front of the deflected beam in similar phase-ramped structures designed for other wavelengths, which should affect the angle for the deflected beam. 6 Therefore, additional simulations were performed where the beam deflection is determined more directly and the deflected wave front can be visualized. Similar to the experiment, in separate simulations, a plane wave normal to the surface plane is directed towards the repeating, infinite phase-ramped loop and patch structure. Figs. 6(a) and 6(b) show the resulting instantaneous scattered E-field (in the x direction) along the xz plane above the structures. This simulation shows that the wave front of the deflected beam is approximately planar and that the angle for deflection is nearly identical to those found in the measurements. Any further differences between the measured and simulated deflected angles can likely be attributed to fabrication imperfections. For instance, it has been shown previously that the beam deflection angle is sensitive to the dielectric layer thickness. 8 The simulated results of the deflected angle are based on a thickness for the dielectric layer that was a target for the fabrication, but it is likely that the actual thickness for this layer deviates from this value to some extent.
Next, measurements were performed of the near-field distribution of the phase-ramped structures. More specifically, it was of interest to gain insight into how the relative phase upon reflection that is observed in the far-field compares to the relative phase observed in the near-field. In addition, it is of interest to observe how fabrication tolerances 
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affect the near-field phase response, especially differences in the simulated and experimental near-field phase. Previously, fabrication tolerances showed pronounced effects on the farfield phase response near resonance for metallic structures due to the higher phase variation with elements around this resonant size. 8 These observations should yield useful insight into future designs for optimizing the phase upon reflection that the structures cover and minimizing the effect of coupling among elements.
First, near-field measurements were collected for the phase-ramped loop structure via s-SNOM. Figs. 7(a)-7(e) show AFM topography as well as near-field measurements and simulations for the phase-ramped looped structure. In the measured and simulated amplitude images in Figs. 7(b) and 7(c) one can see that the middle structure shows the strongest amplitude signal, which is consistent with the simulation in Fig. 3(a) where it was suggested that the middle structure was the most resonant. Also, the loops of smaller and larger size have much less amplitude signal compared to the middle structure, which is also consistent with the simulation in Fig. 3(a) where they are shown to have less absorptivity and are off-resonance. In Figs. 7(d) and 7(e), there is a qualitative match between the simulated and measured phase. Despite best efforts to synchronize the wrapping of the phase in both images, there are still slight differences between the measurement and simulation. These differences in the simulated and measured near-field phase can be attributed to the diminished field on the less resonant elements compared to the more resonant element, which increase errors in the phase data as has been seen previously. 36 In contrast, the phase in proximity to the more resonant element where there is stronger field shows much greater consistency between the simulations and experimental data. In Figs. 7(d) and 7(e), one can still see that the phase images show that each size element is out of phase with the other sizes, although it is difficult to see the continuous phase gradient across the structures.
In order to more quantitatively examine the progressive near-field phase transition over the phase-ramped loops, a line scan analysis was performed of the measured phase across the different size loops. This was accomplished by plotting the phase data across the middle of Fig. 7(d) as a function of the distance across the image as shown in Fig. 8 . When considering only phase values attributed to the loops, one can see that there is an approximate linear phase ramp across the elements. This is consistent with the linear relationship of the far-field phase versus distance across the surface shown in Eq. (2). Also, one can see that there is an approximately 270 phase range across the loops, which is less than the simulated far-field phase range shown in Fig.  3(a) . However, this difference is expected as the ground plane and surrounding areas around the patch contribute a significant portion of the resulting phase shift observed in the far-field. 37, 38 Also, as mentioned previously, the simulations in Fig. 3 were done using uniform arrays where adjacent unit cells contain structures equal in size while the measurement is of structures having different size neighboring elements, which is likely to contribute to the differences in the phase range values.
In addition, near-field measurements were collected by s-SNOM for the phase-ramped patch structure. Figs. 9(a)-9(e) show AFM topography as well as near-field measurements and simulations for the phase-ramped patch structure. As was observed for the phase-ramped loop structures, the measured and simulated amplitude images for the phase-ramped patch (Figs. 9(b) and 9(c)) show that the middle structure has the strongest amplitude signal. This is consistent with the simulation shown in Fig. 3(b) where it was suggested that the middle structure should indeed be the most resonant element. Also, the patches of smaller and larger size show a diminished amplitude signal compared to the resonant structure, which is also consistent with Fig.  3(b) . In Figs. 9(d) and 9(e), it can be seen that the simulated and measured phase show a qualitative match where slight differences can again be attributed to the weaker field in some areas as shown by the amplitude image ( Fig. 9(b) ). Also, phase images for these structures show a variation in phase among the different size elements as was seen with the phase-ramped loop structures, which is also expected based on the graph shown in Fig. 3(b) . As before, it is difficult to see the continuous phase gradient across the structures.
In order to more quantitatively examine the progressive near-field phase transition over the phase-ramped patches, a line scan analysis was performed of the measured phase across the different size structures. This was accomplished by plotting the phase data across the middle of Fig. 9(d) as a function of the distance across the image as shown in Fig.  10 . As with the phase-ramped loop structure, when considering only phase values attributed to the patches, one can see that there is an approximate linear phase ramp across the elements, which is consistent with Eq. (2). Also, there is an approximately 300 phase range across these structures, which is less than the simulated far-field phase range observed in Fig. 3(b) . As mentioned above, these values are expected to be different due to the ground plane and surrounding areas around the patches contributing to the phase observed in the far-field, but some of this difference could also be attributed to the simulation being comprised of a uniform array of elements while the experiment consists of nonuniform arrays of elements.
IV. CONCLUSION
We characterized phase-ramped loop and patch structures, which consist of loop and patch elements in periodic arrangements of five successive elements of different size to form square arrays of these elements. First, far-field simulations were performed on arrays of uniform elements to characterize the relative phase upon reflection and the absorptivity at 10.6 lm versus the size of the elements in the arrays. These results implied that both structures had potential to perform well as a reflectarray, especially at normal incidence. Results from the far-field deflection measurements showed that the phase-ramped loops and patches deflected a 10.6 lm beam 23 and 24 away from normal to the surface plane, which were very close to calculated and simulated values for the angle of deflection. The experimental near-field results for both phase-ramped structures showed that the near-field phase showed the expected phase variation across the different size structures and qualitatively matched the simulated near-field phase. Line scan analysis of the near-field phase data for the phase-ramped loops and patches showed a linear relationship between near-field phase and the distance across the surface, consistent with Eq. (2). These results identify much of the near-field phase that dictates the far-field phase behavior of these phase ramp structures. The remaining contribution originates from the ground plane and surrounding areas around the elements, which was not able to be measured for these particular structures.
Despite the above results showing that these phaseramped structures can perform well as a reflectarray in the mid-infrared, the performance could be improved further by changing the design to reduce absorptivity of these structures. This could be accomplished by using materials for the dielectric and FSS element that have less loss at the design FIG. 9 . AFM topography (a) and measured ((b) and (d) and simulated ((c) and (e)) near-field images for the phase-ramped patch structure with (b) measured s-SNOM amplitude, (c) simulated amplitude, (d) measured s-SNOM phase, and (e) simulated phase. In the measured and simulated amplitude images, the values for the z-axis are proportional to E z .
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wavelength.
31 Also, it may be possible to reduce the absorptivity in this design by increasing the thickness of the dielectric layer, but it has been shown that a trade-off exist with the thickness of this layer regarding the range of the reflected phase and absorptance. 8 According to some articles, it has been suggested that, practically, a low-loss, high permittivity dielectric resonator antenna would yield better performance as a reflectarray for the infrared and visible frequencies. phase range across the unit cell. The black line is present as a guide to the eye.
